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The ability to manipulate the shape of semiconductor nanocrystals has led to rod shaped semiconductor nanocrystals, hereafter referred to as "quantum rods" (QRs) 5, 10, 11 . QRs are semiconductor nanocrystals with diameters ranging from 2 to 10nm and with lengths ranging from 5 to 100nm. The band gap of the rods depends strongly on diameter, but only weakly on length 12 . Thus emission can be readily tuned by diameter over the same spectral region as QDs, but the absorption cross section can be chosen using the length.
In addition to the properties inherited from QDs, such as size-tunable broad absorption, narrow symmetric emission, and extreme resistance to photobleaching, QRs have many - 15 . These unique properties make QRs highly desirable for certain biological applications and bring new possibilities for biological labeling. However, due to the large surface strain intrinsic to rod shaped particles 10 , it is more challenging for surface modification of QRs in order to transfer them from organic solvents to physiological buffer conditions. Therefore, there is little work reported about using QRs for biomedical imaging and detection 16 .
In this paper, we report the use of surface modified CdSe/CdS/ZnS core/shell QRs as a new generation of biological label, and demonstrate that QRs can be used in a variety of bio-imaging applications. QRs are longer than QDs, so for some applications they may prove too large. However, we found that they could be used in a surprisingly large number of situations. Further, for single molecule in vivo studies, they are much better than QDs.
Similar to QDs, high quality QRs as synthesized are only soluble in organic solvents.
A variety of approaches have been used to render QDs or QRs water soluble and biocompatible. Silanization is one of the most powerful methods, as the resulting particles are truly biocompatible and extremely stable in biological environments. We -4 -designed a robust coating method for surface silanization of core/shell QRs. To overcome the enhanced surface strain from a rod, silane molecules were added in the priming step under a condition that favored condensation (Fig. 1a) , enabling a well-coated rod surface as compared to single-silane-molecule-priming as reported for the silanization of spherical QDs 17 . Moreover, most silanization steps were performed inside a sonicator with temperature control, promoting uniform coating and a highly reproducible process.
The silanization procedure thus developed for QRs could be readily applied for making water-soluble QDs and other types of nanoparticles, representing a general method to modify surfaces of nanoparticles. QRs after silanization were stable in aqueous buffer for over 2 years. Fig. 1b shows the transmission electron microscopy (TEM) images of silanized QRs in neutral phosphate buffer (PB). The absorption and emission spectra of silanized QRs (Fig. 1c) show that the silanization process does not change the essential optical features of unsilanized QRs 10 .
The silanized QRs are totally biocompatible. Previously our group demonstrated phagokinetic tracking with QDs 18, 19 . When live cells were cultured on a layer of silanized quantum dots, the cells ingested all the dots they passed over, leaving behind a particle free trail which correlates with the metastatic potential of different cell lines 19 .
Similarly, various live cells could also incorporate silanized QRs as they migrate on a layer of the nanocrystals, without influence on cell division and migration (see Supplementary Fig. 1 online) . The good biocompatibility of QRs was also evidenced by direct delivery with Chariot™ 20 , a peptide non-covalently interacting with QRs and -5 -transferring the cargo through the cell membrane (Fig. 1d) leakage of QRs was partially due to the reduced ratio of the surface area over volume (See calculations in Supplementary Materials for particle geometries as shown in the -6 -TEM images of Supplementary Fig. 2 online). The most important contribution to the reduction of quantum rod Cd 2+ leakage arose from the reduced curvature effect in a rod shaped particle over that of a spherical particle, rendering the rod surface more resistant to such corrosion processes as photooxidation.
As mercapto, amino, carboxyl and phosphonate functional groups can be easily incorporated into the design of surface coating by silanization, silanized QRs can be conjugated with various biomolecules to achieve precise biological functions. Antibodyantigen affinity is one of the most specific biological interactions and widely used for However under such condition, the detected staining signal from quantum rod conjugates is as bright as that from dot conjugates (Fig. 2c) , which indicates that QRs are more -7 -sensitive probes than QDs. This is expected because QRs have bigger absorption cross section than QDs at the same excitation wavelength 13 . At the same time, QRs are predicated to have faster radiative decay rates 14 , which correspond to a increased number of excitation and emission cycles within a signal collection period.
Since increasing the number of labeling particles can also enhance the signal intensity for and threshold image number defines that a signal has to appear at least in a certain number of images to be picked up as a particle, which reflects the blinking property of -8 -single particles, and also distinguishes particle from noise because noise tend to appear in only a small number of images. In the plot of QRs, with increasing threshold and threshold image number, the number of quantum rods holds basically an island of stability where there is a clean distinction between particles and noise. However, for quantum dots, the number of particles decreases very quickly and it is very difficult to distinguish between particles and noise. This is because as compared to QRs, QDs are not as bright so they are not statistically distinct from the noise and thus not quite as Figure 3C the number of particles of QDs goes down much faster with increasing threshold image number than QRs, meaning QDs blink more or have longer off times than QRs. This is consistent with previous report that blinking arises because the dot radiative rate is slower -9 -than a non-radiative mechanism 27 . Quantum rods have faster radiative decay rate 14 , which may decrease the frequency of blinking thus yielding a better probe.
To demonstrate the ability of detecting and tracking of single QRs within living cells, we introduced small amount of silanized QRs to human breast cancer cell line MDA-MB-231 by the use of streptolysin-O (SLO), a bacterial protein that binds to cholesterol and forms holes in the plasma membrane of animal cells 28 . QRs retained their brightness inside living cells (Fig. 3c) . The tracking at single molecule level was proved by particle blinking (see Movie 2 of the supplementary material online).
Although silanization only adds 2 or 3nm of coating thickness to nanocrystals (see supplementary Fig. 3 online) , as rod sizes get bigger, they may interfere with the molecular events that they characterize, hence caution must be taken when time comes to interpret the data and a balance has to be found between the enhanced properties of QRs and the disadvantages in terms of their bigger sizes. However, this should not become an intrinsic limitation for single molecule tracking using QRs, as much bigger particles have been successfully applied in single molecule investigations 29 .
The introduction of biocompatible semiconductor QDs in 1998 30, 31 has led to tremendous advances in biotechnologically important applications, including multiplexed in vivo imaging 32, 33 , long term single molecule tracking 24 , deep tissue imaging and imaging guided surgery 34 , as well as hybrid inorganic-bioreceptor based optical sensing 35 . In this paper, we have described the development of rod shaped semiconductor - Further, the most intense pixels corresponding to single particle fluorescence are selected by three criteria: (i) an average minimum distance between bright pixels, (ii) an average minimum intensity, (iii) a minimum number of images that the bright pixel appears in.
The average minimum threshold distance was chosen to be five pixels. This criteria was -17 -chosen based on the conjoined image and the pixel distance necessary to distinguish between single particles and to select only a single pixel if there appeared to be a cluster of bright pixels. The average minimum intensity is a threshold intensity that is greater than that of the background such that only pixels distinguishable from the background are selected. In addition, since single particles blink and noise will appear in only a small number of images, a threshold image number is used to reflect the blinking property of single particles and to distinguish noise from particles. The intensities of each particle are then tracked in each subsequent image. With a threshold distance set to five, a threshold image number of five, and a threshold intensity of ten, 883 particles were found in the QD images with a mean intensity of 12.7 and 1624 particles were found in the QR images with a mean intensity of 29.5. -25 - 
